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Abstract
Angle-resolved XPS is used to determine the thickness and the uniformity of the chemical composition with respect to
oxygen and nitrogen of the very thin silicon oxide and oxynitride overlayers grown on silicon. q 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction
SiOx and SiOxNy overlayers play a very important
role in determining the performance of electrical and
electro-optical devices and numerous workers have
used different spectrocopic techniques for characteri-
zation and measurement of the thickness of these over-
layers. For very thin overlayers (less than 15 nm)
angle-resolved XPS is the preferred method [1–3]
although Auger electron spectroscopy, ellipsometry,
nuclear reaction analysis (NRA) and Rutherford back-
scattering (RB) are also employed [4–6]. Owing to the
the presence of oxygen/water even under high vacuum
conditions and the very high reactivity of silicon
towards oxygen (during and/or after overlayer
preparations) it is practically impossible to obtain
overlayers devoid of oxygen [7]. In most cases this
is not detrimental to materials performance and
high-performance elctro-optical devices were
fabricated.
In a previous study we reported the preparation, and
photoluminesence and FTIR characterization of
amorphous silicon (oxy)nitride overlayers on Si [8].
In this contribution we report the angle-dependent
XPS measurements of the thickness of these very
thin oxide and oxynitride overlayers.
2. Experimental
The samples were grown on (001) silicon
substrates by plasma enhanced chemical vapour
deposition (PECVD) at 1008C with nitrogen (N2)
balanced by 2% silane (SiH4). The rf power and
chamber pressure were 10 W and 1 Torr. Details
of the preparation techniques as well as the photo-
luminesence properties are given in our earlier
publication [8].
A Kratos ES 300 electron spectrometer equipped
with a MgKa (not monochromatized) X-ray source
at 1253.6 eV was used to record the spectra. The
chamber pressure was kept below 5 £ 1029 Torr
during analysis.
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3. Results and discussions
Part of the XPS spectra of three SiOxNy samples
grown on Si with different thicknesses are shown in
Fig. 1. The reference spectrum of Si is also included.
As is evident from the spectra oxygen is present in all
samples. The binding energy of N1s corresponds to
N2 and O 1s to O22 [7]. The Si 2p region consists of a
metallic peak (Si0) at low binding energy around
99 eV and another composite peak with varying
binding energy of 103–105 eV which can be attrib-
uted to the oxide and/or oxynitride silicon (Si41) [7].
Owing to the limited resolution of our source/spectro-
meter further resolution between the oxidic and/or
nitridic silicon was not possible.
Two spectroscopic questions, closely related to the
fabrication and performance of the layers arise: (i)
thickness of the overlayer, and (ii) uniformity of this
overlayer with respect to its oxygen and nitrogen
content. The thickness of the overlayer can be deter-
mined from the angular dependency of the two chemi-
cally different silicons, i.e. Si41/Si0 as shown in Fig. 2.
At low take-off angles intensity of the species in the
overlayer (Si41) increase when compared with the
species underlayer (Si0). The dependence of the inten-
sity ratio on the take-off angle is given by the expres-
sion:
ISiOxNy =ISi  K £ 1 2 exp2d=lSiOxNy sin Q=
exp2d=lSiOxNy sin Q
where K is the ratio [nSiOxNysSiOxNy lSiOxNy/nSisSilSi;
n is the density of Si atoms in the corresponding layer,
s is the photoionization cross section, lSiOxNy and lSi
are the attenuation lengths of the photoelectrons in the
overlayer and underlayer respectively, d is the thick-
ness of the overlayer, and Q is the take-off angle [1–
3,6,9]. The validity of this approach was established;
firstly by comparing the thickness of two SiO2/Si
samples obtained by this method against the thickness
obtained by Rutherford Backscattering Spectrometry
(RBS), and ellipsometry [6], and secondly by
comparing the thickness obtained by XPS against
the thickness obtained by Nuclear Reaction Analysis
[2]. The molar volume of Si is 12.056 cm3 and the
molar volume of SiOxNy is approximated as
23.5 cm3, from the molar volume of SiO2, which has
a wide range from 20 to 27 cm3 depending on the
crystal structure [10]. The reciprocal of the molar
volume is taken as the density. Since the photoioniza-
tion cross sections are inherently atomic the changes
upon compound formation (in this case Si2p for Si0
and Si41) are negligible such that they cancel out in
the ratio [7,11]. Using the well established attenuation
length values for both layers (lSi  2.3 nm at
1151 eV, lSiOxNy  3.5 nm at 1146 eV) one obtains
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Fig. 1. O1s, N1s and Si2p regions of the XPS spectra of (001) Si
substrate and 3 (A, B and C) siliconoxynitride samples.
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Fig. 2. Si2p region of the reference silicon and sample A recorded at two different take-off angles.
Fig. 3. (a) Theoretical curves for three different oxynitride overlayer thickness for the variation of the intensity ratio of Si41/Si0 together with
measured ones (rectangles) as a function of the take-off angle. (b) Calculated Si41/Si0 ratio at 908 take-off angle and measured ones (R silicon
reference and oxynitride A, B and C samples). (c) Measured ratios (normalized to 908 values) of the C1s/Si2p0, Si41/Si0, O1s/Si2p0 and N1s/
Si2p0 at different angles for the sample A.
the theoretical curves for thicknesses of 1.10, 1.22 and
1.30 respectively as depicted in Fig. 3(a). Our
measured values (shown by rectangles) at two
different take-off angles for the native oxide overlayer
of the reference silicon sample matches the theoretical
ones within an accuracy of 0.1 nm. Accordingly we
can use the plot of Si41/Si0 intensity ratios at 908 take-
off angle for determining the overlayer thickness
between 0–15 nm (Fig. 3(b)). Using this figure we
can estimate the overlayer thickness of the samples
shown in Fig. 1.
Sample Measured
Si41/Si0 ratio
Estimated overlayer
thickness (nm)
Si (reference) 0.37 1.2(1)
A 0.47 1.7(1)
B 0.65 2.1(2)
C 35 13(3)
The question as to the uniformity of the layers with
respect to oxygen and/or nitrogen content can simi-
larly be answered form the angle dependecy of the
O1s/Si2p0 and N1s/Si2p0 signals as shown in Fig.
3(c) (all the ratios are normalized to the ratio at
908). Introduction of the samples into the XPS
chamber always incorporates hydrocarbon deposits
which gives a C1s peak at 285.0 eV binding energy.
Since hydrocarbon deposits are the outermost over-
layer the ratio of the C1s/Si2p0 displays the largest
angular dependence as also shown in Fig. 3(c). The
angular dependence of the Si41/Si0 as well as O1s/
Si2p0 and N1s/Si2p0 closely resemble each other
and are completely different from the behaviour of
the C1s/Si2p0. This is a very clear spectroscopic indi-
cation that they all stem from the same overlayer, i.e.
the oxygen and nitrogen content of the overlayer is
uniform at least to XPS probing.
4. Conclusions
The well-established angle-resolved XPS measure-
ments were used to determine the thickness of the
overlayers in the range of 1–15 nm as well as to
check the uniformity with respect to oxygen and
nitrogen present in the overlayer since no other
common spectroscopic methods are available in this
range.
References
[1] S. Iwata, A. Ishizaka, J. Appl. Phys. 79 (1996) 6653.
[2] D.F. Mitchell, K.B. Clark, J.A. Bardwell, W.N. Lennard, G.R.
Massoumi, I.V. Mitchell, Surf. Interface Anal. 21 (1994) 44.
[3] Z.-Q. Yao, J. Appl. Phys. 78 (1995) 2906.
[4] R. Flitsch, S.I. Raider, J. Vac. Technol. 12 (1975) 305.
[5] R. Ossikovski, H. Shirai, B. Drevillon, Appl. Phys. Lett. 64
(1994) 1815.
[6] J.E. Fulghum, R. Stokell, G. McGuire, B. Patnaik, N. Yu, Y.J.
Zhao, R. Parikh, J. Electron Spectrosc. Relat. Phenom. 60
(1992) 117.
[7] D. Briggs, M.P. Seah, 2, Practical Surface Analysis, 1, Wiley,
Chichester, 1996.
[8] A. Aydınlı, A. Serpenguzel, D. Vardar, Sol. State Comm. 98
(1996) 273.
[9] A. Ishizaka, S. Iwata, Appl. Phys. Lett. 36 (1980) 1.
[10] CRC Handbook of Chemistry and Physics, 75, CRC Press,
Boca Raton, 1994–1995.
[11] J.H. Scofield, J. Electron. Spectrosc. Relat. Phenom. 8 (1976)
129.
O¨ . Birer et al. / Journal of Molecular Structure 480–481 (1999) 611–614614
